The design hypothesis, architectures, and preliminary computational results of a peptide based nanoTweezer are presented in this paper. We engineered the α-helical coiled coil portion of the yeast transcriptional activator peptide called GCN4 to obtain an environmentally-responsive nanoTweezer. The dimeric coiled coil peptide consists of two identical ~4.5 nm long and ~3 nm wide polypeptide chains. The actuation mechanism depends on the modifying electrostatic charges along the peptide by varying the pH of the solution resulting in the reversible movement of helices and therefore, creating the motion of the tweezer. Preliminary molecular dynamics results indicated that pH changes led to a reversible deflection of 1-2 nm with the nanoTweezer. The force profile of the nanoTweezer motion and some potential applications are also discussed.
INTRODUCTION
Recent advances in the field of nanotechnology have enabled widespread opportunities to investigate and manipulate matter on the nanoscale. This exciting young field is bound to shed new light on the world around us, as well as provide new opportunities for the design and development of devices exhibiting unprecedented capabilities. The assembly of these nano-devices will require a sophisticated toolbox of wellcharacterized nanorobotic elements. Fortunately, nature has already provided us with a head start in the evolution of potential nanorobotic elements, as many organisms already have molecular components that possess these desired functionalities. For example, a large body of work already exists that is focused on the study and characterization of several natural nano-devices, such as the well-known ATPase Motor [1] . The majority of these elements have been chosen for investigation due to their role in either cellular locomotion or cellular membrane transport. These devices are generally protected inside of the cell wall, where there is ample access to high-energy fuel molecules, such as ATP. Although extremely relevant in the context of cellular activities, the requirement for continual supply of high-energy fuel molecules can be a significant limitation in the use of autonomous nanorobotic devices.
In this paper we present the design hypothesis, architectures and preliminary computational results of a peptide based nano-tweezer. Proteins are biopolymers that are made up from 20 different amino acids. Each of these amino acids is referred to as a residue. About fifty to hundreds of these residues are connected together via peptide bonds to create a long chain. The chain is known as a polypeptide chain or simply a protein. We used a nanoscale length two-stranded parallel α-helical coiled-coil protein/peptide to create a robust nano-tweezer that can be used for nanoscale manipulation and sensing. The coiled-coil is a ubiquitous protein motif made up of α-helices wrapping around each other forming a supercoil [2] . Coiled coils are ideal candidates for protein design studies, as they represent probably the simplest secondary structure with physical properties that make them ideal for both nanoscale manipulation and measurement. They are found to be very stable in the native state largely due a repeat of hydrophobic core (hydrophobic residues that are spaced every four and then three residues apart) in their primary sequence [3] [4] . The particular coiled-coil model studied here is the one corresponding to the leucine zipper of the yeast transcriptional activator GCN4 [5] . This peptide consists of two identical 31-residue polypeptide chains which were engineered to obtain an environmentally responsive nano-tweezer involving the reversible movement of helices towards and away from each other. The actuation mechanism depends on the creation of like electrostatic charges along the peptide chain which forces the two coils to repel each other and move apart thus creating an opening motion of the tweezer. This motion can be reversed by neutralizing the charges. Creating of electrostatic charges depends on the differences in the ionization states of certain amino acids in the peptide chain which in turn depends on the pH of the solvent. Of the 20 amino acid residues, histidine, glutamic acid and asparatic acid ionizes pH range (3 -7.4). Glutamic and asparatic acids are initially negatively charged at neutral pH (~7.4) and become neutral at lower pH due to the addition of a proton. On the other hand, histidine which is neutral at pH~7.4 becomes positively charged at lower pH (~3). Thus by the introduction of different ionizable residues along the peptide chain and varying the pH of the solvent different nano-tweezer architectures with varying degree of motion can be obtained. Figure 1 shows the schematic of one such nanotweezer. The next section provides background information on some of the existing micro-and nano-scale tweezers and their comparison with our proposed nanoTweezer. A few potential applications of the nanoTweezer are also discussed.
BACKGROUND
The development of tools to precisely manipulate and sense objects at the nanoscale is vital to the advancement of nanoscale science and technology. Single probed nanomanipulators have been modeled and developed [16] [17] [18] [19] [20] . These nano-manipulators work through controlled pushing of nanoparticles in either contact or non-contact type of mode and are primarily based on AFM type of probes. A considerable amount of research has also been done in the design and fabrication of micro-scale gripper or tweezers to form a basic micro-electro-mechanical system (MEMS) [6] [7] [8] . These microgrippers work on the principle of electrostatic forces generated between the two 'arms' through an externally applied voltage. The grippers were fabricated using conventional lithography with sizes ranging from 30μm × 0.25μm to 200μm × 2.5μm. The operating voltages for these grippers vary from 45V to ~150V. Recently researchers have focused their attention on using carbon nanotube (CNT) to create robust nanogrippers that can be utilized for nanoscale manipulation and measurement [9] [10] [11] . In 1999 researchers at Harvard University proposed the first CNT based nanotweezer [9] . This tweezers was made by attaching nanotubes on glass electrodes under an optical microscope. The opening and closing of the tweezers arms was achieved by applying voltages to the electrodes. Another group of researchers in 2001 developed nanotweezers consisting of two arms of CNTs that will operate electromechanically in AFM [10] . The principle of operation was similar to the previous nanotweezer i.e. through the application of DC voltage to the two nanotube arms inducing their movement to approach each other. Junsok Lee et al. in 2005 proposed yet another nanotweezer using length controlled CNT arms [11] . This nanotweezer has separated tungsten substrate for each CNT arm making it possible to close and open the nanotweezer repeatedly. The drawback associated with the above three types of nanotweezers is their relatively large sizes. The length of these nanotweezers is in the range of several microns whereas the separation between the nanotube tips varied from 250 nm -780 nm. Moreover, they depend on external voltage for actuation and their fabrication technique is complex.
The needs to further shrink the size lead the scientists to build tweezers from DNA [12] . Each arm of this tiny tool is just 7 nanometers in length. These tweezers exploit the complementary nature of the two strands of a double helix DNA for its functioning. The drawback of this nano-tweezer lies with the need for the extra 'fuel' strand for its actuation. This device may also not be ideal for actual tweezing or 'catch and release' kind of mechanism since the potential grasping site of the tweezer is occupied by the 'fuel' strand.
The proposed nanoTweezer is designed to overcome the shortcomings of the above grippers. It is smaller in size and does not require any external voltage or 'fuel strand' for its functioning. It can be easily interfaced with other nanoscale components such as CNTs and quantum nanodots by simple chemical functionalization. Varying degree of opening can be observed by varying the pH of the solution.
In the next section we discuss the computational framework used to assess the functioning of the nanoTweezer and the details of various nanoTweezer architectures.
COMPUTATIONAL DESIGN AND MODELING
To predict the performance of the peptide nanoTweezers, molecular dynamic simulations (MD) were performed. The MD models are based on the calculation of the conformational energy that is released during the protein tweezer conformational change. The calculation of the free energy facilitates the calculation of important parameters for the performance of the nanoTweezer such as force, favorable conformations and optimal environmental conditions. Using MD simulation techniques different operating conditions such as varying pH, temperature and pressure variations can be readily applied on the peptide system. The response of the peptide system such as the conformational changes, free energy, force output, structural stability and reversibility under the operating conditions is qualitatively and quantitatively studied. This gives a set of parameters on which to compare different peptide mutants and select the one which gives the optimal performance result. The design of different peptide mutants is another area where MD is useful. Mutation is the process of replacing a residue in a protein chain by another residue resulting in the creation of a new character or trait not found in the parental protein. This change can alter the chemical and physical properties of proteins and can help design a new protein with desired properties. In the case of the proposed nanoTweezer, the desired property was the creation of an electrostatic charge on the two helices and this was achieved by mutating several residues of the original GCN4 peptide with histidine residues.
The MD platform for the simulations was NAMD [13] . NAMD is a parallel molecular dynamics code designed for high-performance simulation of large biomolecular systems [20] . The Visual Molecular Dynamics (VMD) software package [14] was used as the visualization software for analyzing trajectories generated by NAMD.
Constant temperature simulations in solvent (water) were carried out using non-periodic spherical boundary conditions on a nanosecond timescale. The use of boundary conditions makes it possible to incorporate explicitly some solvent molecules and thereby simulate a more realistic system when compared to in-vacuo simulations which tend to minimize the surface area and so may distort the shape of the system. The simplest way to incorporate boundaries in simulations is to surround the molecule with a sufficiently deep 'skin' of solvent molecules making the system equivalent to having a solute molecule inside a 'drop' of solvent. In our case the solute is the protein molecule and the solvent is water.
Sample Preparation
A variety of simulations were prepared to understand the working of the nanoTweezer under different pH activating conditions. Three samples of the protein, the wild type GCN4, Mutant I and Mutant II are simulated. Mutant I as shown in figure 3b has the top five residues mutated with histidines (Histag) while mutant II (Figure 3d ) has the top five and middle five residues mutated with two His-tags in each coil. The steps involved in the preparation of the sample for MD simulations are shown graphically in figure 2 and explained further. The computational model for MD simulations of the nanoTweezer was generated starting with the crystal structure of the GCN4 protein obtained from its PDB file. The two chains which were initially separate were joined together at the base by a chain comprising of three glycine residues. Glycine was chosen because of its inability to form rigid α-helical structure thereby providing flexibility at the joint. Mutants were created by replacing certain residues with histidines to obtain different tweezer architectures. Low pH condition was simulated by protonating the histidines, glutamic acids and asparatic acids along the chain. The protein was next solvated in a water sphere and salt ions were placed in it to resemble a more realistic physiological environment.
nanoTweezer Architectures
At physiological pH, the coiled-coil structure is stable due to the hydrophobic and electrostatic interactions interactions. However, under acidic conditions (e.g. pH~3.0), the histidines will be positively charged leading to electrostatic repulsion between the helices. This property of histidines is exploited in the design of nanoTweezer by incorporating them at specific positions along the chain such that it results in the spatial displacement of the two helices under acidic conditions. This behavior is expected to be reversible since it depends on the reversible ionization behavior of histidine residues. The main assumption in designing the nanoTweezer is that the electrostatic forces generated due to the repulsion of likecharged histidines on the two helices is sufficient to overcome the hydrophobic and electrostatic attractive forces between them. A schematic of various nanoTweezer architectures with histidine residues incorporated along the chain is shown in Figure 3 . 
Force Calculations
The force by which the nanoTweezer opens or closes is an important criterion from the design point of view. Knowledge of the force profiles for different nanoTweezer architectures can help select an appropriate one for a particular bio-robotic application. The force pushing the nanoTweezer to open is primarily electrostatic repulsion whereas the closing of the tweezer can be attributed to the hydrophobic attractions.
To calculate the electrostatic force of repulsion the pair interaction feature of NAMD was used. The pairInteraction feature only covers direct electrostatic and van der Waals interactions i.e., not long-range electrostatics, bonding terms, etc. between two defined pair of atoms It starts by defining two groups of atoms (A & B) on the protein and then calculating the interaction energy between the two groups. This energy is in kcal/mole which can then be converted by using the following relation:
RESULTS AND DISCUSSION
The wild type configuration and two mutants (Mutant I and Mutant III) corresponding to the architectures of Figure 3b and 3d respectively of the nanoTweezer were simulated at different pH. We first calculate the total opening observed in each of the nanoTweezer architecture as a function of time from the conformational changes result of the MD simulation. The opening is measured as the average distance between the corresponding Cα atoms of the 2 nd residues on both chains. These atoms are shown as spheres in figures 4, 6 and 8. To plot the relative opening against time the average distance between the 2 nd residues is measured as the distance between the corresponding backbone atoms (Cα-Cα, N-N and C-C) of the 2 nd residue on the two protein chains.
Simulation I: Wild type at pH~7
The wild-type GCN4 peptide was simulated here. The objective of this simulation was to find the conformational changes in the original peptide under normal physiological conditions. As can be seen from figure 4 the wild-type GCN4 didn't show any opening even after 2ns of simulation.
FIGURE 4:
Simulation snap shots of wild type GCN4 at different time steps. The initial distance between the Cα atoms of the 2nd residues is 5.62Å which remains stationary after 2ns of simulation FIGURE 5: Wild-type tweezer opening over time. Note that the initial opening remained constant over time.
This behavior was expected since the wild-type GCN4 is in a very stable conformation due to various hydrophobic and electrostatic interactions as explained earlier. Also under normal physiological conditions (pH~7) there was no protonation of the residues and hence no extra electrostatic charges strong enough to overcome the stabilizing hydrophobic interactions were generated. The protein wriggles around but the general coiled-coil shape is well conserved till the end. The result of this simulation is to be used as a benchmark for comparing the opening of other protein tweezer architectures. Figure 5 shows the opening of the wild-type peptide over time. Three backbone atoms of the 2 nd residue of both chains were chosen and the distance between the corresponding atoms was measured and plotted over time to show the relative opening over the entire length of simulation.
Simulation II: Mutant I at pH~3
Mutant I with the position of the mutated His-tag as shown in Figure 3d is simulated next. All the ionizable residues were protonated which corresponds to a low pH (~3). Figure 6 shows the initial and final states of the mutant I after 2ns of simulation in water. The mutant showed an opening of ~10Å or 1nm which was a remarkable improvement over the behavior of the wild-type peptide. Another important feature observed in this result is the conserved α-helices of the two coils even in the presence of strong electrostatic forces. Once the coils start to move apart the stabilizing effect of the hydrophobic interactions reduces making the peptide susceptible to lose the α-helical form. Since this was not the case it is apparent that the hydrogen bonding along the length of the coils was strong enough to prevent them from breaking and maintain the α-helical shape.
As we are more interested in studying the conformational changes of the mutant we plot its average opening over time as shown in figure 7.
Simulation III: Mutant I -Reversible motion
This simulation was performed to verify the reversible motion of the nanoTweezer. For this the starting point was the open state generated from simulation II. The neutral pH environment was simulated by unprotonating the ionizable residues. The results in figure 8 shows that the motion of the tweezer is indeed reversible, however, the tweezer did not close back fully to the initial state. This can be attributed to the presence of water molecules between the tweezer arms. Approximately 50 water molecules were found to have entered the space between the two tweezer arms during the opening motion. The tweezer therefore requires extra force to displace the water molecules and regain the original closed conformation. This conformational change can be induced by the presence of metal ions between the tweezer arms. Divalent metal ions can induce drastic conformational changes in a protein by bridging the gap between the sidechains [21] . Therefore the metal ions in the solution will serve the dual purpose of inducing reversibility and also towards potential application of the nanoTweezer as a biosensor. Another factor influencing reversibility is the electrostatic repulsion due to partial ionization of residues even at neutral pH.
Simulation IV: Mutant III at pH~3
Taking a cue from the results of Mutant II at pH~3 we designed the next Mutant III with two His-tags such that the second tag replaced the residues forming the strong hydrophobic core in the middle as shown in Figure 9a . The final conformation of the tweezer after 2 ns simulation is shown in figure 9b .
From the results it is obvious that Mutant III is our best design since it gives the maximum opening while maintaining the α-helical shape of the two coils. The hydrophobic attraction binding the two coils was replaced by electrostatic repulsions leading to a two-fold increase in the force pushing the coils apart and hence larger opening. Figure 10 shows the tweezer opening plotted against time. The electrostatic repulsive force between the two coils which forces them to move apart is shown in figure 11 . The force F1 between the top His-tag pair died down after 1 ns which corresponds to the stage when the tweezer has opened up-to a distance of 21Å. This suggests that the force F2 between the bottom His-tag pair was responsible for pushing the two coils further apart to a total opening of 26Å. Note that the force F2 did not die down till the end suggesting a state of equilibrium reached between the repulsive electrostatic force and the attractive hydrophobic/ van der Waals interactions in the lower part of the tweezer thereby stabilizing the tweezer in the 'open' conformation. The peak net force of opening was 5000 pN while the final stabilizing force is around 1000 pN.
CONCLUSIONS
Preliminary computational results support the hypothesis of the peptide nanoTweezer. The engineered nanoTweezers are inspired by nature and were able to perform the specific function without the requirement for high-energy fuel molecules. Some of the potential applications of the proposed nanoTweezer are: 1. Drug Delivery: Can be used as bivalent targeting agents in drug delivery applications. 2. Bio-sensor: The nanoTweezer immobilized on carbon nanotubes can be used as a bio-sensor for detecting bivalent metallic ions such as Cu +2 , Zn +2 etc. 3. Chemical sensor: The varying conformational change of the nanoTweezer in different solvents can be used as a chemical detection mechanism.
Biomolecular labeling:
The nanoTweezer coupled to a quantum dot nanocrystal can be used as fluorescent labeling agent for cell surface marking.
The fundamental work described in this paper will provide us with a toolbox for the next step, which is the combination of these peptide-based elements with elements derived from other molecules (such as DNA and carbon nanotubes), in order to generate devices with increasing sophistication. Work is also in progress on the experimental front and we have expressed the peptide using recombinant means. We are now working on to experimentally determine the opening of the nanoTweezer using Elecrton Spin Resonance (ESR) spectroscopy [15] . ESR spectroscopy is a powerful technique for probing structure and site-specific conformational dynamics in biopolymers primarily proteins. The standard approach is to attach spin-labels such as nitroxide reporter group to a specific amino acid such as cysteine in the protein chain. The unpaired electron on the spinlabels absorbs microwave radiation in the presence of a strong magnetic field, and the resulting change in electron spin state reveals information about the structure and dynamics of the molecule. Thus it is possible to determine protein structures using a double labeling method in which distance between label sites is obtained by measuring the electron spin-spin dipolar interaction between them.
